Purpose Since the early 2010s, deaths due to the use of new synthetic opioids (NSO) including fentanyl and its analogs have been increasing dramatically. As fentanyl analogs bear strong structural similarities, they can share common metabolites. In some clinical or forensic cases, it can be important to demonstrate the presence of both the metabolite and the parent product to confirm that the compound is responsible for the intoxication. Norcarfentanil is a common metabolite of carfentanil (NSO) and remifentanil (widely used in medical care). This article reported the investigation of norcarfentanil origin in three cases. Methods Comprehensive screenings were performed using gas chromatography coupled to mass spectrometry and liquid chromatography coupled to a diode array detection, whereas targeted screening of NSO were performed using liquid chromatography coupled to tandem mass spectrometry. Results Norcarfentanil was detected at concentrations ranging from 0.05 to 15.8 ng/mL in plasma and from 8.8 to 1820 ng/ mL in urine, but carfentanil was detected in two out of the three cases. The presence of norcarfentanil has been supposed to be due to the treatment with remifentanil during the medical care of the patient. Conclusions In the first two cases, norcarfentanil was present as the metabolite of carfentanil, whereas in the last case, norcarfentanil was the metabolite of remifentanil. Without the identification of remifentanil, confusion could occur, and norcarfentanil could be attributed to carfentanil misuse.
Introduction
Since the 2010s, abuse of new psychoactive substances (NPS) has been increasing dramatically worldwide. NPS are mainly of synthetic origin and include different drug classes, the most frequently identified being cathinone derivatives and synthetic cannabinoids. Since 2013, new synthetic opioid (NSO) derivatives have emerged on the American and European illicit drug markets [1] [2] [3] . A significant number of opioid overdoses and deaths have been associated with the use of fentanyl and its synthetic analogs in the United States [4] [5] [6] [7] [8] [9] [10] [11] . For example, in Ohio, more than 4000 deaths were linked to opioids in 2016, with a 36% increase attributed to heroin and carfentanil abuse [11] . Since 2016, a number of deaths involving NSO have been reported in Europe: six fatalities involving ocfentanil have been reported in Belgium, Switzerland and France, and several cases of death due to carfentanil or another fentanyl analog have recently been described in the United Kingdom and Belgium [12] [13] [14] [15] [16] [17] [18] .
Carfentanil (4-[(1-oxopropyl)-phenylamino]-1-(2-phenylethyl)-4-piperidinecarboxylic acid methyl ester, otherwise known as 4-carbomethoxyfentanyl) is a derivative of the pharmaceutical drug fentanyl (Fig. 1) . It is estimated to be 100 times more potent than fentanyl and 10,000 times more potent than morphine [19, 20] . It has been approved for veterinary medicine as an anesthetic for various species of large exotic wildlife. The first reported cases of human exposure to carfentanil occurred in different contexts. A veterinarian developed drowsiness within 2 min after being splashed in the eyes and mouth with a dart containing 1.5 mg carfentanil citrate intended for the sedation of an elk. He was successfully treated with antagonist naltrexone [20] . In the second case, the Russian Special Forces deployed a chemical aerosol against Chechen terrorists to rescue hostages in the Dubrovka Theater: 125 deaths were caused by a combination of the aerosol and inadequate medical care. The analysis of clothing and urine from survivors revealed the presence of carfentanil and remifentanil [21] .
The metabolism of carfentanil has been studied in human liver microsomes and human hepatocytes using high-resolution mass spectrometry (HRMS), and 12 metabolites were identified. Norcarfentanil (methyl 4-[(propionyl)phenylamino]piperidine-4-carboxylate) is the N-dealkylated carfentanil and has been described as one of the most important carfentanil metabolites [22] . However, norcarfentanil is also a minor metabolite from remifentanil N-dealkylation in humans [22, 23] . Remifentanil is an opioid µ receptor agonist, used for general anesthesia. Therefore, the intake of remifentanil cannot be distinguished from carfentanil intake solely by targeting the N-dealkylated metabolite, norcarfentanil.
In this paper, we report three cases involving norcarfentanil: two non-fatal cases in which carfentanil was detected and one fatal case involving remifentanil.
Materials and methods

Chemicals
Toxivial A ® extraction devices were purchased from Interchim (Montluçon, France). N,O-Bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane, trimethylsilyl chloride (BSTFA 1% TMCS), β-glucuronidase from Helix pomatia and ammonium formate were purchased from Sigma-Aldrich (St Quentin-Fallavier, France). Methanol (MeOH) (LiChrosolv), acetonitrile (CH 3 CN) (Pestipure), ethyl acetate (HiPerSolv) and ammonia solution 25% were purchased from Merck (Darmstadt, Germany). Formic acid (analytical grade) was provided by Prolabo (Paris, France).
Sulfosalicylic acid was provided by Carlo Erba (Val de Reuil, France). Ultrapure water (resistivity ≥ 18.0 MΩ cm) was produced using a Milli-Q Plus (Millipore, Molsheim, France). Carfentanil (5 mg), norcarfentanil (1 mg), 1-hydroxylfentanyl (2.5 mg), acetyl fentanyl (10 mg), acrylfentanyl (5 mg), benzyl carfentanil (5 mg), desomorphine (1 g/L in acetonitrile), furanyl fentanyl (1 g/L in acetonitrile), normethylfentanyl (1 mg), ocfentanil (1 mg), ohmefentanyl (1 mg), remifentanil (100 mg/L in methanol), thienyl fentanyl (1 mg), U-47700 (1 mg), valeryl fentanyl (1 mg) and fentanyl-d5 (100 mg/L in methanol) were purchased from LGC Standards (Molsheim, France).
Specimens
Blood specimens were collected into 5-mL propylene tubes containing sodium heparin as anticoagulant, and urine specimens were collected into 5-mL propylene dry tubes.
All plasma and urine samples were collected for routine toxicological analyses.
Immunochemical screenings
Immunoassays of the urine samples were performed using a Vista analyzer (Dimension Vista system, Siemens Healthcare Diagnostics Inc., Siemens 
Screening analysis in biological samples
Unknown drug screenings were performed using gas chromatography-mass spectrometry (GC-MS) and liquid chromatography coupled with diode array detection (LC-DAD) [24] . The drugs were compared with both in-house (constructed from reference standards) and commercial libraries [25] [26] [27] . 
Liquid chromatography-tandem mass spectrometry analysis
Synthetic opioids were identified in biological samples (plasma and urine) using liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods.
Two-dimensional chromatography configuration
The LC system consisted of a Dionex Ultimate 3000 RS quaternary pump and a Dionex Ultimate 3000 quaternary pump, equipped with a Dionex Ultimate 3000 RS autosampler and a Dionex Ultimate 3000 RS column compartment (Thermo Fisher Scientific, Germering, Germany). Online sample clean-up was performed on an Oasis HLB column (2.1 mm × 20 mm; 25 µm, Waters, Milford, MA, USA). Chromatographic separation was performed on a Waters analytical column, XSelect ® HSS T3 (100 × 2.1 mm; 2.5 μm) maintained at 60 °C. The operating procedure for the HPLC-integrated online sample clean-up consisted of two steps: the sample was first injected into the system and transferred onto the Oasis HLB column, where the analytes were adsorbed. Potentially interfering matrix compounds (mainly salts and protein residues) were washed directly into waste by mobile phase A (water + 0.2% ammonium hydroxide) delivered at a flow rate of 2.0 mL/min. After this first step, the six-port valve was switched. To obtain a good separation between the compounds, the extract was then eluted in back-flush mode and transferred to the analytical column. The elution gradient profile used was performed at 0.3 mL/ min and had following conditions using water + 20 mM ammonium formate adjusted to pH 2.8 with formic acid (mobile phase C) and CH 3 6.5-7.6 min: 20% D. During this chromatographic step, the valve was switched back on its original configuration allowing a mobile phase B (MeOH + water + 0.2% formic acid) to wash the Oasis HLB purification column, before being equilibrated using mobile phase A for the next run. A run was completed within 7.6 min.
Mass spectrometric conditions
MS/MS analyses were performed on an API 4000 mass spectrometer (Sciex, Toronto, Ontario, Canada) equipped with an electrospray probe, on a Turbo V ® ion source. The mass spectrometer was operated under the following conditions: positive electrospray ionization (ESI) voltage: 5500 V; nebulization gas flow rate: 45 psi; turbo heater gas flow rate: 60 psi; ion source temperature: 500 °C. The analyses were performed in selected reaction monitoring (SRM) mode. The monitored transitions and collision energies are presented in Table S1 (Supplementary data).
Calibration in biological matrices
The calibration curves were built using a 200-µL drug-free plasma sample spiked with standard solutions. Calibration curves were generated with calibrators of 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 20 ng/mL. The regression equations and correlation coefficients were obtained from the peak area ratios (analyte/internal standard) plotted against the analyte concentrations. Quality control (QC) samples were prepared in the same manner at high (8 ng/mL), medium (2 ng/mL) and low concentrations (0.5 ng/mL).
Method validation
Validation of the LC-MS/MS assay was performed in compliance with both the French Analytical Toxicology Society (SFTA) and international recommendations for the validation of new analytical methods [28, 29] . Six independent calibrations were conducted on different days, using different drug-free matrix samples. The selectivity was tested by the analysis of 10 blank samples of each matrix. The limit of detection (LOD) was defined as the lowest concentration with retention time within ±0.2 min from the average of all calibrator concentrations and a signal-to-noise ratio of at least three for all selected ion transitions. The lower limit of quantitation (LLOQ) was the lowest concentration that could be quantified with acceptable imprecision [coefficient of variation (CV) % ≤ 20%] and acceptable accuracy (within ±20% of the theoretical concentration). Within-day precision and accuracy were calculated from six repeated analyses of spiked plasma or urine samples (at three levels) during one working day. Between-day precision and accuracy were calculated from six analyses of spiked plasma or urine samples (at three levels), one analysis being performed a day. The precision was expressed as the CV (in %), and the accuracy as the percentage of deviation between nominal and measured concentrations. Two dilution factors (10-and 100-fold) were tested by spiking blank plasma or urine (n = 6) with all analytes at a concentration above the highest calibrator (20 ng/mL). Potential endogenous interferences were determined by the analysis of ten different blank plasma and urine specimens. For the assessment of exogenous interferences, several opioids and metabolites were tested. Indeed, exogenous interferences could be due to several reasons (close chemical structures, same ion transitions, coelutions responsible for ion suppression and/or enhancement, etc.). However, not all drugs could be tested, and we decided to test drugs from the same chemical family (opioid drugs). The following compounds were added to blank specimens at 50 ng/mL: methadone, 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine, dextropropoxyphene, oxycodone, pethidine, tramadol, O-desmethyltramadol, N-desmethyltramadol, whereas buprenorphine, norbuprenorphine, buprenorphine glucuronide, norbuprenorphine glucuronide, fentanyl, norfentanyl, sufentanil, naloxone, and alfentanil were tested at 5 ng/mL.
Qualitative matrix effects were studied by analyzing ion suppression and the enhancement phenomenon. Extracted double-blank plasma (n = 6) and urine (n = 6) samples were injected into the LC system, while a methanolic solution that contained all compounds and fentanyl-d5 (each at 20 ng/ mL) was continuously post-column infused in the ionization source through a tee [30] .
Sample preparation for LC-MS/MS analysis
Two hundred microliters of plasma or urine was treated with 200 µL of sulfosalicylic acid (500 mg/mL) containing internal standard (fentanyl-d5) at 6 ng/mL. This acid treatment doesn't have any influence on the chromatography analysis because the first step of the analytical run deals with an online sample clean-up. During this step, sulfosalicylic acid is washed through the purification column and eliminated in the trash. In these conditions, no sulfosalicylic acid passes through the analytical column, and retention is not affected. Samples were vortexed for 30 s and centrifuged for 10 min at 23,000g. Two hundred and fifty microliters of supernatant was then transferred to integrated micro-insert polypropylene vials ready to be injected into the chromatographic system. The injection volume was set at 50 µL, and the whole analytical run lasted 16 min.
Calibration results of synthetic opioids in biological matrices
Linear regression with 1/× weighting showed the standard curves for all compounds to be linear from their LLOQ to 20 ng/mL, with r 2 > 0.992. Intra-and inter-day precision and accuracy for three levels of QC are shown for plasma and urine, respectively, in Tables S2 and S3 (Supplementary data). Variation coefficients for precision and accuracy are under 20% and 15% for LLOQ and other values, respectively. LOD and LLOQ are listed in Table S4 (Supplementary data).
No additional peaks were observed due to endogenous substances that could have interfered with the detection of the compounds of interest. Opioid and metabolite tests for the assessment of exogenous interference showed no additional peaks. Any carryover was observed by analyzing a blank sample injected after analysis of either the top calibrator or an authentic positive sample.
This targeted analysis allowed the detection of 15 synthetic opioids, namely carfentanil, norcarfentanil, 1-hydroxy-fentanyl, acetyl fentanyl, acrylfentanyl, benzyl carfentanil, desomorphine, furanyl fentanyl, normethylfentanyl, ocfentanil, ohmefentanyl, remifentanil, thienyl fentanyl, U-47700 and valeryl fentanyl, with good sensitivity and a short sample run time (7.6 min); online solid-phase extraction enabled relatively quick pretreatment of samples.
During the validation, we diluted plasma samples (n = 6) spiked with concentrations of analytes tenfold and 100-fold higher than the highest calibrator. The resulting concentration values calculated with an adapted dilution factor were always ±15% of the target value (data not shown).
Qualitative matrix effects study using post-column infusion was based upon the change in signal response. SRM signals did not always follow the same tendency of the internal standard one. However, this experimental observation did not affect significantly performances of the method as intraand inter-day precision and accuracy remained acceptable.
Case reports
Case 1 In January 2017, a white powder, presented as cocaine, was given to a 41-year-old man who sniffed it during a private party. Within a few minutes, he was comatose and presented myosis and bradypnea. He was then hospitalized in an intensive care unit (ICU). Since he was thought to have sniffed only cocaine, he was not treated with naloxone despite opioid toxidrome. His recovery was complete without any sequelae and he returned home after a few days. The samples of plasma and urine available for these analyses were collected 1 and 31 h, respectively, after hospital admission.
Toxicological screening of urine (sampled at 1 h) using GC-MS revealed the presence of cocaine and its metabolites (benzoylecgonine, ecgonine methylester, anhydroecgonine methylester), lidocaine, levamisole and midazolam. Quantitation results for cocaine, benzoylecgonine and ecgonine methylester using LC-MS/MS were 570 ng/mL, 1230 ng/ mL and 367 ng/mL, respectively. Despite patient opioid toxidrome, no opioid was highlighted using screening, so further analyses were performed on plasma and urine using two targeted LC-MS/MS techniques: one to search for opioids, the other to detect fentanyl analogs. The targeted LC-MS/ MS screening for fentanyl analogs revealed the presence of carfentanil (2.88 ng/mL) and norcarfentanil (8.8 ng/mL) in urine, and below the method's lower quantitation limits (< 0.01 ng/mL for carfentanil and < 0.05 ng/mL for norcarfentanil) in plasma ( Table 1 ). The opioid search by LC-MS/ MS allowed exclusion of the presence of tramadol, O-desmethyltramadol, N-desmethyltramadol, methadone, EDDP, propoxyphene, norpropoxyphene, pethidine, oxycodone, buprenorphine, buprenorphine-glucuronide, norbuprenorphine, norbuprenorphine-glucuronide, naloxone, fentanyl, norfentanyl, sufentanil and alfentanil.
Case 2 In May 2017, a 48-year-old woman, with a known history of depression and drug abuse, was found unconscious at home by relatives. Two empty boxes of drugs (pregabalin-Lyrica ® and buprenorphine-Subutex ® ) were found near her. The emergency unit provided first aid, and the medical care included sufentanil delivery. She was admitted to the hospital ICU with a Glasgow coma scale score of 3. She presented myosis, and administration of a usual dose of intra-nasal naloxone (Nalscue ® ) had no effect. During the hospitalization she was intubated, ventilated and treated by lidocaine, etomidate, midazolam and propofol. Her recovery was complete after 8 days in the ICU and 12 days on an internal medicine ward. She admitted that she bought "fentanyl" on the internet. Plasma and urine were collected on the day of her hospital admission.
Qualitative urine immunoassays were positive for THC-COOH and negative for MDMA, amphetamine, cocaine, methadone and opiates. Paracetamol, tricyclic antidepressant and ethanol immunoassays in the plasma were negative, and pregabalin was found in non-toxic concentration. LC-DAD urine screening initiated during the early stages of hospitalization revealed the presence of fentanyl and sufentanil derivatives and lidocaine. The targeted opioid LC-MS/MS technique detected fentanyl (< 0.05 ng/mL in plasma and 1.7 ng/mL in urine), sufentanil (< 0.05 ng/mL in plasma and urine), buprenorphine (0.48 ng/mL in plasma and 6.04 ng/ mL in urine), norbuprenorphine (< 0.5 ng/mL in plasma and 19.4 ng/mL in urine), buprenorphine glucuronide (2.1 ng/ mL in plasma and 264 ng/mL in urine), norbuprenorphine glucuronide (2.7 ng/mL in plasma and 116 ng/mL in urine) and naloxone (0.442 ng/mL in plasma and 4.59 ng/mL in urine). Targeted fentanyl analog screening by LC-MS/MS revealed large quantities of carfentanil and its metabolite, norcarfentanil, in both urine and plasma (Table 1) . These two targeted screening campaigns enabled the exclusion of the other screened molecules.
Case 3 In July 2017, a 57-year-old man was at a music festival when he went to the first aid team, complaining of dizziness and faintness. He suffered a heart attack a few minutes later while being examined. Cardiopulmonary resuscitation (CPR) was given for 45 min and necessitated four external electric shocks and use of both epinephrine and amiodarone to stabilize the patient. At that point, the patient presented bilateral mydriasis. He was then admitted to a cardiovascular intensive care unit (CVICU) and received remifentanil on the first day, then morphine. He died after 6 days in the CVICU without making any progress.
Two plasma samples were taken on day 1 and 2 of hospitalization; a urine sample was taken on day 2.
Qualitative urine immunoassays were negative for amphetamine, MDMA, THCCOOH, cocaine, methadone and buprenorphine. Immunochemistry-based testing for opiates was strongly positive, justifying a targeted analysis. LC-MS/MS opiate determination indicated the presence of morphine (1,660 ng/mL) and codeine (< 5 ng/mL) in the urine sample from day 2, whereas no opiates were detected in the plasma sample from the same day.
GC-MS urine screening revealed the presence of propofol, laudanosine, lidocaine, morphine, codeine and norcarfentanil. Fentanyl analog analysis using the LC-MS/MS technique enabled the detection and quantitation of norcarfentanil and remifentanil in both the urine and the two plasma samples (Table 1) . 
Discussion
NSO represent a significant analytical and interpretative challenge for forensic and clinical toxicologists [5, 31] . Detecting only the parent drug could lead to false-negative results in case of very low circulating concentrations of a highly potent substance and/or intensive metabolism. As identification of metabolites could improve the detection window in biological matrices, data about the metabolism are of interest in the challenging field of forensic toxicology.
A few articles which previously described carfentanil concentrations are presented in Table 2 . The first articles describing carfentanil in postmortem and antemortem cases were published in 2017 [10, [32] [33] [34] [35] . Swanson et al. reported two postmortem cases with carfentanil concentrations of 1.3 and 0.12 ng/mL [33] . Shanks and Behonick reported the analysis of 262 postmortem blood specimens, in which the blood concentration of carfentanil ranged from 0.0102 to 2 ng/mL [10] . Another forensic investigation describes carfentanil concentrations in 355 whole blood specimens, with concentrations ranging from 0.1 to 14 ng/mL [34] . More recently, Moody et al. reported 697 postmortem cases involving carfentanil, with concentrations from 0.1 to 120 ng/mL [36] .
Two cases of recreational use reported the presence of carfentanil and norcarfentanil [35, 37] . Müller et al. measured concentrations of 0.6 ng/mL for carfentanil and 0.2 ng/ mL for norcarfentanil in serum and 1.3 ng/mL for carfentanil and 0.5 ng/mL for norcarfentanil in urine [35] . These results are slightly lower than our results in urine collected at a similar time, approximately 1 h after use (case 1). Moreover, Uddayasankar et al. showed that carfentanil and norcarfentanil blood concentrations were 22.40 and 3.95 ng/mL, respectively, in a sample collected close to the time of hospital admission [37] . These concentrations are very high in comparison to those usually described in the literature. However, in our case 2, the concentration of carfentanil observed in plasma and urine is higher (32.4 ng/mL). To our knowledge, the plasma concentrations of carfentanil and norcarfentanil in case 2 are the highest reported in the literature for a living person. Administration of the opioid antidote, naloxone, did not have any effect, probably because multiple naloxone doses are often required to reverse overdoses from illicitly manufactured fentanyl [8, 9] .
With regard to case 3, the presence of norcarfentanil and remifentanil in the biological samples, but no carfentanil, is consistent with remifentanil being administered as part of medical treatment. Indeed, Feasel et al. showed that norcarfentanil is a good indicator of exposure to carfentanil but not an exclusive metabolite, because norcarfentanil is also involved in the metabolism of remifentanil (Fig. 2) [22] . Remifentanil is an analgesic component used in palliative and intensive care units. The observed remifentanil plasma concentrations (3.12 and 0.17 ng/mL) were within the range of those described by Alvarez et al. for patients undergoing liver transplantation and in accordance with the medical treatment undertaken [38] . Furthermore, analyses of five plasma samples of remifentanil-treated patients showed the presence of norcarfentanil and remifentanil in all biological samples (Table 3) . Remifentanil and norcarfentanil plasma concentrations ranged from traces < LOQ to 1.08 ng/mL and traces < LOQ to 1.60 ng/mL, respectively. These results support that norcarfentanil found in biological samples of case 3 is a remifentanil metabolite. It could be noted that remifentanil acid, the main remifentanil metabolite, was not monitored. Indeed, the purpose of this work was to identify the misuse of carfentanil.
Conclusion
In the three cases presented here, the toxicological analyses revealed the presence of norcarfentanil in all the plasma and urine samples. However, the use of carfentanil, a synthetic opioid that is 10,000 times more potent than morphine, was evidenced in only two cases. These two cases were non-fatal, although the carfentanil and norcarfentanil concentrations measured in the plasma and urine samples from case 2 are the highest concentrations reported in the literature in living persons. In the third case, the presence of norcarfentanil in the biological matrices may be due to metabolism of the remifentanil administered as part of the medical treatment, justifying the exclusion of carfentanil misuse. Indeed, norcarfentanil is a common metabolite of remifentanil, which is only used for anesthesia in medical care units, and of carfentanil, an NSO. Finally, this article presents the first two cases of non-fatal carfentanil misuse in France, adding to the growing list of carfentanil cases in Europe [15] [16] [17] 35] .
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